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We present two coarse–grained models of different levels of detail for the description of beta–sheet
tapes obtained from equilibrium self–assembly of short rationally designed oligopeptides in solution.
Here we only consider the case of the homopolymer oligopeptides with the identical sidegroups
attached, in which the tapes have a helicoid surface with two equivalent sides. The influence of the
chirality parameter on the geometrical characteristics, namely the diameter, inter–strand distance
and pitch, of the tapes have been investigated. The two models are found to produce equivalent
results suggesting a considerable degree of universality in conformations of the tapes.
I. INTRODUCTION
Structured proteins in their folded state possess a rich variety of three dimensional conformations (tertiary struc-
tures) which are usually classified in terms of the mutual arrangements of the so–called motifs and elements of the
secondary structure1. The secondary structures are usually characterized as segments of the protein chain possessing
a strong regularity in the values of the Ramachandran angles2,3. The most common of such structures are the α-helix
and the β-sheet.
There is a general view that the microscopic chirality of individual amino acids is responsible for the twisted shape
of β-sheets in globular and fibrous proteins4. Apart from the flat conformation described by Pauling and Corey5, a
β-strand can acquire a nonzero degree of helicity with a finite twist along the principal axis of the polypeptide chain.
Furthermore, the helical structure of a single strand directly relates to the macroscopic twisted shape of the whole
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2β-sheet.
The β-sheet conformation has been recently exploited as a reference structure for the novel biomaterials produced
by large–scale self–assembly of oligopeptides in solution6,7,8,9. In the latter Refs. it has been shown that oligomeric
peptides can be rationally designed so that they self–assemble unidirectionally in solution forming helically twisted
β-sheet tapes stabilized by a regular arrangement of hydrogen bonds. The main factors which stabilise the tape
structures are: the intermolecular hydrogen bonding between the polypeptide backbones, cross–strand attractive
forces between sidegroups (hydrogen bonding, electrostatic and hydrophobic) and lateral recognition (steric and π-π
interactions) between the adjacent β-strands.
The tape structure is regarded as only the first in the hierarchy of equilibrium structures observed with increasing
oligopeptide concentration such as the double tapes, fibrils, fibers, and eventually nematic gels6,7,8,9.
This novel route towards engineering of biomaterials is an alternative to some approaches which caused contro-
versy and provides a possibility for simple equilibrium control of the biomaterials architecture, their functional and
mechanical properties, as well as the kinetics of their formation in response to pH, temperature and other triggers.
Among different applications of these biomaterials which could be envisaged one can mention their current use as
three–dimensional scaffolds for tissues growth8,9. Moreover, these oligopeptides–based assemblies serve as a simple
experimental model system which could be used for providing valuable insights into the self–assembly and aggrega-
tion mechanisms of natural proteins and, in particular, formation of plaques of β-amyloids10 and fibrous proteins
structures.
In terms of computer simulations, a number of Molecular Dynamics studies of oligopeptide systems were reported
recently8,11. These works have explored the (meta)stability of relatively small aggregates over fairly short computing
times accessible to simulations, thereby providing valuable structural information which is difficult to extract from
the experiment. Unfortunately, it is difficult to establish whether those structures were sufficiently well equilibrated
over such short run times and only several particular oligopeptide sequences were considered.
At present, there is still no full understanding regarding the details of the functional relationship between the
chiral nature of the single β-strand and the helical geometry of the β-tape. More generally, only in recent years the
connection between the molecular handedness and the morphology of supramolecular assemblies was examined12,13,14.
Researchers have found that chirality controls the shape of the macroscopic assemblies not only in natural and synthetic
peptides, but also in other biological systems such as lipids, fatty acids, and nucleic acids (see Ref. 12 for a review on
models for the formation of helical structures made up of chiral molecules).
Recently, Nandi and Bagchi15,16,17 have proposed a model for the assembly of chiral amphiphilic molecules. The
latter is based on a simplified representation of either the geometry or the potential energy, which is then minimized
in order to find the most efficient packing. Their results, which are consistent with the experiment, show that chiral
tetrahedral amphiphiles of the same handedness assemble at a finite angle with respect to their neighbors, driving the
formation process of helical clusters. In β-sheet tapes a similar behaviour is found, where the microscopic chirality
arises from the intra–molecular interactions. The intermolecular forces then stabilize the tape structure with a finite
twist angle observed between the neighboring strands. This twist angle transfers the chirality from the single strands
to the level of the mesoscopic assembly, which hence possesses chirality as well. This type of the secondary structure
could be rationalised as a compromise between the out–of–plane energy term originated from the chirality of the
single peptides and the inter–molecular (mainly hydrogen bonding) energies of the backbones atoms, preferring a flat
3arrangement.
The main goal of this work is to achieve a fundamental understanding of the way in which the microscopic chirality
of single peptide molecules manifests itself at a larger supramolecular scale of the self–assembled tapes. In practice,
we would like to construct a minimal model capable of capturing the most essential features of this phenomenon. For
this, we shall adopt a simplified coarse–grained description for the rod–like oligopeptides with a nonzero degree of
helicity. Our computational study will be based on classical Monte Carlo simulations in continuous space with the
use of the standard Metropolis algorithm18 much used in polymer simulations.
To describe the inter–molecular hydrogen bonding occurring within two–dimensional β-tapes we shall use a coarse–
grained description via a combination of the soft–core repulsion terms and short–ranged attractive terms. Furthermore,
the microscopic chirality is introduced via an ad hoc quadratic term. The functional dependence of the macroscopic
twist on the strength of the latter will then be analysed. The explicit forms for different potential energy terms,
including those describing the bonded interaction, and motivation for their choice are detailed in the next section.
II. METHODS
A peptide β-sheet is a regular secondary structure characterised by values of the Ramachandran angles lying within
the upper left quadrant of the Ramachandran plot1. Its basic units are short peptide segments (called β-strands)
which are stabilized by an ordered network of hydrogen bonds between the atoms of the backbone. The spatial
sequence of the β-strands can follow a parallel or antiparallel pattern, depending on the reciprocal arrangement of
the strands termini.
Whether β-sheets are formed by β-strands connected via loops regions within the same chain (intra–molecular
sheets) or from many oligomeric peptides (inter–molecular sheets), as e.g. in synthetic peptides assemblies and β-
amyloids, they all conform to a variety of twisted and curved geometrical surfaces4. The twisting appears in β-sheets
due to the nonzero chirality of the single strands, the backbone geometry of which can be well approximated by a
circular helix. The mathematical definition for the latter is given by the classical differential geometry of curves19.
While fully atomistic computational studies of proteins are quite common, there is also a tradition of using simplified
off–lattice models in the literature20,21. The latter facilitate simulations by retaining the most essential features of the
peptides and overcome the difficulty with rather excessive equilibration times of the fully atomistic systems, which
often raise doubt as to the validity of the final results for them. A number of important results on fast–folding proteins
and peptides have been obtained in the last decade via such coarse–grained approaches17,22,23,24,25.
In the search of a suitable simplified model for the β-strand capable of generating a stable two–dimensional tape, one
can use the so–called Cα models
26, which retain one interaction site per residue. Then the inter–molecular hydrogen
bonds could be incorporated, for example, via the angular–dependent effective potential27.
Another direction is to consider a different class of the so–called Cα-Cβ intermediate level models
26, in which two or
three interaction sites are retained per residue in the backbone. A two–dimensional aggregate can then be generated
by mimicking the hydrogen bonding via a sum of effective Lennard–Jones terms24, also incorporating the steric effects
of the side chain. Although this is still a crude representation for the hydrogen bond, we find the second route quite
satisfactory for our purposes.
4A. Geometry of the simplified model
In our model, the coarse–grained geometry of the single β-strand retains three interaction sites per residue. The
backbone of the single amino acid is represented by two beads named C and N , standing for the moieties CαHC
′O
and NH , respectively. Each sidegroup (amino acid residue) is then modeled by a bead S bonded to C. One could also
easily introduce many types of the sidegroups, but we shall defer studying more complicated sequences to the future
publications until we are fully satisfied with the performance of the simplest models of homogeneous sequences.
We shall introduce all of the energy parameters of our coarse–grained models in units of kBT . It should be noted,
however, that these parameters are effective as we have reduced the number of degrees of freedom considerably
by introducing united atoms and by describing the solvent implicitly. Thus, these parameters are temperature–
dependent, and so are the equilibrium conformations, even though kBT cancels out formally from the Boltzmann
weight exp(−E/kBT ). In principle, one could determine how the coarse–grained parameters are related to the fully
atomistic ones at a given temperature via a procedure analogous to that of Ref. 28. However, as any inverse problem,
it is a considerably difficult task.
In practice, we have chosen the temperature equal to 300 K and the numerical values of most of the energy
parameters so that they broadly correspond to the typical values in the fully atomistic force fields. Concerning the
purely phenomenological parameters, such as the chirality parameter, their values were chosen so that a reasonable
experimental range of the twist in the structures is reproduced.
B. Potential energy function of the model A
The first choice for the potential energy model follows the guidelines of the model proposed by Thirumalai and
Honeycutt22,23 in their mesoscopic simulations of β-barrels. This minimal forcefield model adopts functional forms
of interactions akin to those typically employed in fully atomistic molecular mechanics models.
1. Bond length potential
The length of each bond connecting two monomers is restrained towards the equilibrium value via a harmonic
potential:
Ubond =
Kb
2
(r − req)
2, (1)
in which Kb = 200.0 kBT · A˚
−2
and req = 2.0 A˚.
2. Bond angle potential
Bond angles defined via triplets Ci −Ni+1 −Ci+1, Ni −Ci −Ni+1, Ni −Ci − Si and Si −Ci −Ni+1 are controlled
via a harmonic potential of the form:
Uangle =
Kθ
2
(θ − θeq)
2, (2)
where Kθ = 40.0 kBT and θeq = 120
◦, θeq = 0
◦ for angles centered at C and N respectively29.
53. Dihedral angle potential
Dihedral angle α is defined by the following formula:
α = sign(α) · arccos
(
(r12 × r32) · (r32 × r34)
‖r12 × r32‖‖r32 × r34‖
)
, (3)
where rij = ri − rj and
sign(α) = sign(r12 · r32 × r34). (4)
Torsional degrees of freedom are constrained by a sum of terms associated with quadruplets of successive C beads
and having the form29:
Utors = −A cos(3α)−B cos(α), (5)
where A = B = 4.0 kBT .
An additional dihedral term is introduced to force planarity between pairs of subsequent S beads:
Uplane = D cos(α). (6)
It is applied to the quadruplets Si − Ci − Ci+1 − Si+1 and D = 4.0 kBT . The presence of this term, increases the
stability of the structures, by enhancing the steric hindrance due to the side chains. As mentioned above, this excluded
volume effect is quite essential for generating a two–dimensional tape as the inter–molecular hydrogen bonds have no
directional dependencies in our model.
4. Chirality
Handedness is introduced in the model via a quadratic term involving only quadruplets of successive C beads, that
is:
Uchiral =
Kτ
2
(τ − τ0)
2, (7)
where Kτ = 10 kB T and τ is equal to the normalized numerator of the analogous quantity defined in Frenet–Serret
picture of spatial curves19:
τ =
r12 · r22 × r34
‖r12‖‖r23 × r34‖
. (8)
The dependence of the chirality parameter on the temperature is expected to be relatively weak. This is in qualitative
correspondence with the experimental data6, which has revealed high structural stability of tape assemblies, in a wide
range of temperatures, essentially while water remains liquid. However, more experimental data is required in order
to determine how exactly Kτ/kBT depends on the temperature.
5. Non–bonded Interactions
A short–ranged Lennard–Jones term is used here in order to represent, in a highly simplified way, the inter–molecular
hydrogen bonding typical of β-sheet structures:
ULJ = ǫ1
[(σLJ
r
)12
−
(σLJ
r
)6]
, (9)
6where the energy constant is ǫ1 = 5.0 kBT for all the interactions involving the backbones beads. The van Der Waals
radius is taken as σLJ = 2.0 ·A˚ for C−C and N−N inter–molecular interactions and as σLJ = 3.0 A˚ for C−N pairs.
A small attractive well is introduced between pairs of S united atoms by choosing ǫ2 = 1.0 kBT and σ
SC = 2.0 A˚ in
order to mimic various attractive forces between the sidegroups.
Finally, a soft core (steric) repulsion, for all pairs involving C − S and N − S is added:
Urepul = ǫ1
(σSC
r
)12
. (10)
We should emphasise that the intra–molecular non–bonded interactions are only included for pairs of sites connected
via more than or equal to three bonds.
C. Potential energy function of the model B
The second choice for the potential energy function outlined here provides a more phenomenological approach to
the behaviour of the coarse–grained systems from the basic geometrical principles. For details of the Frenet–Serret
picture of curves we refer the interested reader to Ref. 19. We shall attempt to exploit and generalise Yamakawa’s
geometrical ideas for helical wormlike chain model30.
Here the bond length potential and the non–bonded interactions retain the same functional form as in the model
A. The remaining bonded interactions are modeled as follows.
1. Curvature
The bond angle potential consists of a sum of harmonic terms involving the curvature κ:
Uangle =
∑
angles
Kκ
2
(κ− κeq)
2, (11)
where Kκ = 40.0 kBT · A˚
−2
and κeq = 2.0 A˚, κeq = 0.0 A˚, for angles centered in C and N respectively and with the
curvature κ defined as:
κ2 = 2[1− cos(θ)]. (12)
This definition of curvature is slightly different from the one used by Yamakawa as his definition also depends on the
pitch of the helix due to a different normalisation condition30.
2. Torsion
Backbone is constrained towards a planar conformation by the terms:
Utors =
∑
dihedrals
Kτ
2
τ2, (13)
involving only C monomers, with Kτ = 20.0 kBT .
73. Chirality
Chirality is introduced here via the term:
Uchiral =
Kτ
2
(τ − τ0)
2, (14)
applied to the quadruplets Si − Ci − Ci+1 − Si+1 with Kτ = 20.0 kBT .
D. Procedure for Metropolis Monte Carlo simulations in continuous space
For simulations we used the in–house Monte Carlo (MC) code named PolyPlus with the standard Metropolis
algorithm18 and local monomer moves, which represents a straightforward extension to a more generic force (energy)
field of the implementation described by us in Ref. 31. This was extensively used in the past and was quite successful
in tackling a wide range of problems for different heteropolymers in solution.
Note that the periodic boundary were unnecessary in the present study as we are dealing with an attractive cluster.
Therefore, no boundary conditions were required as the centre–of-mass of the system was maintained at the origin.
First, single coarse–grained β-strands made of N = 11 residues are placed into a planar, antiparallel arrangement.
Starting from this initial conformation, systems of three different sizes (namely composed of M = 7, 15 and 45
strands) have been studied, using either the potential energy model A or B and with varied values of the chirality
parameter τ0. Specifically, we ran simulations in which τ0 takes values in the two sets {0.0, 0.25, 0.5, 0.75, 1.0} and
{0.0, 0.1, 0.2, 0.3} within the potential energy models A and B respectively. The difference between the two chosen
sets is due to the different way in which the bonded interactions are implemented in both models.
Simulations times varied from 1 ·107 to 5 ·107 Monte Carlo sweeps. About one fifth of that was required to achieve a
good quality of equilibration, which was carefully monitored by analysing the trends in the potential energy, the radius
of gyration of the tape, and the wave number k values; and the rest four fifth of the run time were the production
sweeps used for sampling of all observables. Thus, we were able to achieve both a good equilibration and a good
sampling statistics for the observables of interest.
III. DEFINITIONS OF SOME OBSERVABLES
The circular helicoid is the minimal surface having a circular helix as its boundary19. It can be described in the
parametric form by:
x = u cos(kv),
y = u sin(kv),
z = v.
(15)
The circular helicoid (see Fig. 1a) can be swept out by moving a segment in space, the length of this segment being
equal to the length of the interval (domain) of the parameter u definition.
8The corresponding circular helix can be defined in a similar way (thick lines in Fig. 1a):
x = ρ cos(kv),
y = ρ sin(kv),
z = v.
(16)
Here, the fixed radius ρ is related to the parameter u, with u ∈ [−ρ, ρ] and k being defined as the pitch wave number
so that the pitch of a circular helix is P = 2pi
k
. The pitch wave number is, by convention, negative if the helix is
left–handed and positive in the opposite case.
In order to find a connection between the helicoid and the tapes generated in our simulations, we require a consistent
definition of the segment the motion of which in space sweeps the surface. For this purpose, we can state that each
strand’s backbone lies along the vector
n = [2ρ cos(kz), 2ρ sin(kz), z], (17)
where z is taken as the pitch axis of the tape. Furthermore, we have to assume that z varies in a discrete way along
the tape with ∆z = d, where d is the inter–strand distance, (i.e. distance between the nearest–neighbor strands).
This somewhat modifies the calculation of the pitch, namely P = 2pid
k
.
Finally, three parameters are necessary to fully identify the vector n and the circular helix which delimits the
surface. The instantaneous values of ρ (the tape radius), k and d are calculated by taking the vector xij = (C
i
2−C
j
10),
where Cil is the position of monomer C in the lth residue within the ith strand (see Fig. 1b for details).
The use of the vector xii is justified because the molecules behave themselves essentially as rigid rods. In more
details:
ρi =
‖xii‖
2
, (18)
ki,i+1 = arccos
(
−
xii
‖xii‖
·
xi+1,i+1
‖xi+1,i+1‖
)
, (19)
di,i+1 =
‖xi,i+1 · xii × xi+1,i+1‖
‖xii × xi+1,i+1‖
(20)
This calculation of the parameter k, which is related to a cosine, misses the correct evaluation of the sign. To overcome
this, an analogous measure related to a dihedral angle is needed. The local dihedral angle (LDA) is defined as in
Eq. (3) with
r12 = −xii, (21)
r32 = xi,i+1, (22)
r34 = xi+1,i+1. (23)
Monitoring the sign of this quantity gives information about the handedness of the helical cluster.
Thus, the complete formula for the calculation of the pitch wave number is:
ki,i+1 = sign(LDA) · arccos
(
−
xii
‖xii‖
·
xi+1,i+1
‖xi+1,i+1‖
)
. (24)
In Tab. I we exhibit typical experimental values of the pitch wave number k for some of oligopeptide–based supramolec-
ular clusters. These values were obtained from atomic force microscopy and transmission electron microscopy data.
9IV. RESULTS
Tape structures in both models A and B appear to be perfectly stable with single strands packed side by side along
the backbone axis. Therefore, the simplistic representation of the hydrogen bonding adopted by us is successful in
keeping the strands aligned.
With the increase of the chirality parameter τ0 6= 0 the single strands acquire a somewhat regular twisted geometry.
The handedness and the magnitude of this twist have been quantified by calculating the value of the dihedral angles
χi defined by the quadruplets Si − Ci − Ci+2 − Si+2 where
32 i = 2, 3, 4, ..., 8. Right–handed twist and left–handed
twist are associated with positive and negative values of χ respectively. The averaged values (over the production
Monte Carlo sweeps, over all but the terminal strands, and over the 7 different i) of these dihedral values and the
standard deviations are shown in Tabs. II and III for the models A and B respectively. One can see a systematic
increase of χ with the chirality parameter τ0, irrespective of the model choice.
Increasing the chirality parameter τ0 leads also, as expected, to a persistent macroscopic twist of the tapes, which
monotonically increases with the value of τ0. The numerical measure of the handedness of this twist could be expressed
in terms of LDA defined by Eqs. (3,21,22,23). Fig. 2 shows that, when chirality is introduced, the sign of LDA becomes
well–defined and that the absolute value of LDA increases with τ0. It is worthwhile to remark also, as a proof of the
consistency of our procedure, that the achiral structure has no well–defined sign for LDA (see Fig. 2). Moreover, one
can observe that after changing the sign of the chirality parameter τ0 the sign of LDA, and hence the handedness of
the tape, will be reversed (data not shown).
Figs. 3,4 also show averaged equilibrium snapshots related to the systems with different values of the chirality
parameter τ0 in the models A and B respectively. ¿From these one could see how the structures change from a flat
into more and more twisted tapes as τ0 increases.
Next, we would like to compare our simulated structures with the geometry of a left–handed circular helicoid, the
definition for which was given in Sec. III. Specifically, we are interested in characterizing the circular helices which
sweep the boundaries of that surface. The details of calculation of the three parameters, k, d and ρ, which are
necessary for connection of the idealized geometry with that of the simulated tapes, can be also found in Sec. III and
in Fig. 1. These values we can calculate from the coordinates of each two consequent strands.
Clearly, the chains at the boundaries of the tape behave in a somewhat different way from those buried inside.
More generally, despite of the intra–molecular origin of chirality, the conformation of single strands within a tape also
depends on their interactions with nearest–neighboring strands. As chirality is increased, the deformation of the flat
geometry of a single strand progresses. Therefore, for fairly short tapes with small M we could quite significant finite
size effects leading to considerable deviations from the regular geometrical surfaces.
Thus, we shall compute the average values and the standard deviations of the quantities k, d and ρ over the span
of the tape (with the exception of the two terminal strands on both edges to reduce the boundary effects), as well
as over the production sweeps, in order to understand at what extent they vary along the tape. These values are
presented in Tabs. IV and V for the models A and B respectively.
The values of the helix radius ρ does not seem to vary significantly along the tape, which is reflected in a relatively
small value of its standard deviation σρ. Evidently, the average value of ρ is essentially independent of the number
of strands M or the chirality parameter τ0 as it is related to the conformation of a single strand. While the standard
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deviation of the distance between two strands d is relatively large, we do not observe any systematic dependencies of
its values on either the location within the tape or the value of the chirality parameter τ0. A large value of σd could
be attributed to the inter–molecular interactions contribution to the distances between nearest close–packed strands.
However, the pitch wave number k is strongly dependent on the location of the strands pair used in its calculation
inside the tape, which is especially striking for small systems made of M = 7 and M = 15 chains since they do not as
yet complete a full turn of the helicoid. The results of the calculations of the average and standard deviation of the
pitch wave number k shown in Tab. IV, Tab. V were thus obtained by taking only the three central strands, which
has the advantage that the results become less sensitive to the edge–effects. Clearly, the central area of the tape of
different sizes M behaves, as far as the pitch wave number is concerned, in a similar way and numerically approaches
the value of k in the tape of M = 45 strands. This can also be seen from the histograms (probability distributions) of
k in Fig. 5. Note that the location of the peak of these shifts to the right with M somewhat. The values of k which
we have obtained in the range of the studied chirality parameter τ0 choices correspond to the experimental values of
k shown in Tab. I. Thus, we need about 3− 5 kBT for Kτ in our model in order to obtain the highest of the known
experimental values of k.
To check the quality of our parameters, we then performed, for each system, a self–consistent fitting procedure, in
which we considered two data sets, r1 and r2, which are related to the two respective edges of the tape. These data
sets comprised a sequence of the average positions33. of the penultimate monomers in consecutive strands within the
tape. Note that the penultimate monomers were considered rather than the end monomers to reduce the “end effects”.
Also, because the strands were assembled in an antiparallel pattern, one typical sequence of positions would comprise
monomers C12 , C
2
10, C
3
2 , C
4
10, . . . , C
M−1
2 . These were fitted with a regular helix described by Eq. (16) sweeping the
end of the regular helicoid with the parameters d, ρ and k calculated from the simulation data.
The fitting procedure for each system produces, as the final output, the two mean displacements 〈∆〉r1 and 〈∆〉r2
between the regular helix and the data sets r1 and r2 respectively. Since the data sets r1 and r2 are statistically
equivalent we calculated the mean displacement of our points from the regular helix, 〈∆〉, averaged over the two
values. As can be seen from Tab. VI, the resulting mean displacements are relatively small compared to the size of
the van der Waals radius of various monomers for the systems made of M = 7 and M = 15. Therefore, our overall
procedure is quite satisfactory. Note that a somewhat larger values of 〈∆〉 for the systems made of M = 45 strands
can be related to the need for a better equilibration in this largest of the studied systems, which was also seen from
monitoring the trends in the global observables such as the squared radius of gyration of the tape.
Thus, overall, we conclude that both of the potential models suggested here are successful in generating chirality
within a stable tape cluster.
V. CONCLUSION
In this paper we have proposed two coarse–grained models for short peptides in an extended β–strand–like con-
formation. We also have studied these strands self–assembled into a supramolecular β-tape in case of the model
oligopeptides with identical side groups attached. A fine tuned combination of Lennard–Jones potential terms was
successful in stabilizing the chains within such a two–dimensional structure.
Chirality was then introduced on a molecular level with resulting in a regular twist of the surface of the tape.
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Within the two different models we have investigated the effect of changing the values of the chirality parameter τ0.
As we only considered homogeneous sequences yielding tapes with identical sides, the equilibrium structures obtained
at the end of the simulations had a geometry of a circular helicoid with the pitch wave number k increasing linearly
with τ0.
In model A the chirality term is added as a simple asymmetric contribution to the three–folded dihedral potential
which is typically used in coarse–grained models of β-sheets22,23. The remaining bonded interactions in their analytical
expressions and in the numerical strength were taken akin to those of the fully atomistic force fields. Therefore, in
essence, here we were introducing chirality into a well–established potential energy model.
Model B, conversely, is more coarse–grained and relies on the principles of the differential geometry of curves and
surfaces13. Importantly, in this model we still have obtained the results comparable to those of the more detailed model
A. This establishes a degree of universality in the transfer of chirality from the intra–molecular to the supramolecular
level. Despite the difference in the way how chirality was introduced in the both models, a macroscopic regular twist
was generated equivalently.
Both models could be easily extended to include hydrophobic/hydrophilic and explicitly charged sidegroups leading
to the difference of the tapes sides, something we would like to study in the future. Such an extended study of different
coarse–grained oligopeptide sequences of interest should allow us to describe higher order self–assembled structures
(ribbons, fibers and fibrils) in detail, providing valuable insights for the experiment.
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Peptide name Primary Structure k(deg) Experimental Technique Reference
P11−I QQRQQQQQEQQ −3.0 TEM
7
P11−II QQRFQWQFEQQ −1.0 TEM
7
KFE8 FKFEFKFE −8.7 AFM 8,9
Aβ(10− 35) YEVHHQKLVFFAEDVGSNKSAIIGLM −1.6 TEM 10
TABLE I: Values of the pitch wave number k obtained from the experimental analysis on chiral supramolecular clusters formed
from several synthetic and natural peptides.
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M = 7
τ0 χ(deg) σχ
0.00 0.11 0.04
0.25 3.77 0.29
0.50 7.34 0.50
0.75 10.50 0.63
1.00 13.45 0.75
M = 15
τ0 χ(deg) σχ
0.00 0.05 0.02
0.25 3.79 0.27
0.50 6.90 0.41
0.75 9.52 0.53
1.00 12.01 0.67
M = 45
τ0 χ(deg) σχ
0.00 0.19 0.01
0.25 4.39 0.28
0.50 6.95 0.43
0.75 8.42 0.50
1.00 11.68 0.74
TABLE II: Average value of the individual strand chirality angle χ and its standard deviation σχ obtained from Monte Carlo
simulations in the potential model A.
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M = 7
τ0 χ(deg) σχ
0.0 0.08 0.05
0.1 7.16 0.67
0.2 13.22 1.51
0.3 18.73 2.22
M = 15
τ0 χ(deg) σχ
0.0 0.09 0.02
0.1 6.85 0.66
0.2 12.39 1.44
0.3 17.30 2.35
M = 45
τ0 χ(deg) σχ
0.0 0.42 0.07
0.1 6.20 0.74
0.2 12.21 1.62
0.3 16.73 2.47
TABLE III: Average value of the individual strand chirality angle χ and its standard deviation σχ obtained from Monte Carlo
simulations in the potential model B.
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M = 7
τ0 k(deg) σk d(A˚) σd ρ(A˚) σρ
0.25 −2.2 1.0 1.97 0.35 13.6 0.2
0.5 −3.3 1.2 2.00 0.31 13.5 0.2
0.75 −4.5 1.2 2.10 0.30 13.5 0.2
1.0 −5.5 1.2 2.01 0.29 13.4 0.2
M = 15
τ0 k(deg) σk d(A˚) σd ρ(A˚) σρ
0.25 −2.2 0.9 2.06 0.37 13.6 0.2
0.5 −3.1 1.1 1.81 0.22 13.6 0.2
0.75 −3.9 1.2 2.20 0.30 13.6 0.2
1.0 −4.8 1.2 2.01 0.30 13.5 0.2
M = 45
τ0 k(deg) σk d(A˚) σd ρ(A˚) σρ
0.25 −2.2 1.2 2.35 0.40 13.6 0.2
0.5 −3.2 1.2 2.44 0.34 13.6 0.2
0.75 −4.0 1.0 2.43 0.31 13.6 0.2
1.0 −5.0 1.0 2.39 0.26 13.5 0.2
TABLE IV: Average value and standard deviation σ, obtained from Monte Carlo simulations, for the helical parameters k
(Eqs. 19 and 24), d (Eqs. 20) and ρ (Eqs. 18) for the potential energy model A.
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M = 7
τ0 k(deg) σk d(A˚) σd ρ(A˚) σρ
0.1 −2.6 1.2 1.86 0.31 13.7 0.2
0.2 −3.8 1.3 2.00 0.29 13.7 0.2
0.3 −5.0 1.2 1.95 0.25 13.6 0.2
M = 15
τ0 k(deg) σk d(A˚) σd ρ(A˚) σρ
0.1 −2.5 1.1 2.12 0.33 13.7 0.2
0.2 −3.4 1.2 2.15 0.31 13.7 0.2
0.3 −4.2 1.2 2.19 0.26 13.7 0.2
M = 45
τ0 k(deg) σk d(A˚) σd ρ(A˚) σρ
0.1 −2.4 1.1 2.25 0.26 13.7 0.2
0.2 −3.6 1.2 2.46 0.31 13.7 0.2
0.3 −4.2 1.2 2.47 0.26 13.7 0.2
TABLE V: Average value and standard deviation σ, obtained from Monte Carlo simulations, for the helical parameters k (Eqs.
19 and 24), d (Eqs. 20) and ρ (Eqs. 18) for the potential energy model B.
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M = 7
τ0 0.1 0.2 0.3
〈∆〉(A˚) 0.9 0.65 0.55
M = 15
τ0 0.1 0.2 0.3
〈∆〉(A˚) 0.65 0.9 0.3
M = 45
τ0 0.1 0.2 0.3
〈∆〉(A˚) 1.0 1.4 1.2
TABLE VI: Fitting results for potential energy model B. 〈∆〉 is the mean displacement between the regular geometrical and
simulated helices structures. A similar behaviour for the potential energy model A has been found also.
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Figure Captions
Fig. 1.
(a) A circular helicoid described in parametric form by Eq. (15). The constants used to generate the
surface were obtained from Monte Carlo simulations of the system of size M = 45 with and chirality
parameter τ0 = 0.3 using the potential energy model B. The thick lines (helical curves) sweeping the two
surface’s edges are described in parametric form by Eq. (16).
(b)A schematic representation of the regular tape corresponding to the circular helicoid. Gray and black
points represent the positions of the monomers Ci2 and C
i
10 (with i = 2,M−1) respectively. The connecting
lines correspond to the vectors ni = [2ρ cos(kv), 2ρ sin(kv), v d] (with i = 2,M − 1), where the values for
ρ, k and d are, once again, taken from Monte Carlo simulations and v = 2, 3, 4, ...,M − 1. The positions
of the monomers Ci2 and C
i
10 were used as the reference data in our fitting procedure.
Fig. 2.
Plot of the average LDA (Eqs. 3 and 21, 22, 23) vs the dihedral angle number along the strand, n, obtained
from Monte Carlo simulations. Data are related to systems of size M = 15 within potential energy
model B. Different lines correspond (from top to bottom) to tapes with chiral equilibrium parameter
τ0 = 0.0, 0.1, 0.2, 0.3 (Eqs. 7 and 8).
Fig. 3.
Averaged structures obtained from Monte Carlo simulations (over the last 106 Monte Carlo sweeps) for
systems of size M = 15 within the potential energy model A. Here the values of the chirality parameter
were τ0 = 0.25, 0.5, 0.75, 1 respectively.
Fig. 4.
Averaged structures obtained from Monte Carlo simulations (over the last 106 Monte Carlo sweeps) for
systems of sizeM = 45 within potential energy model B. (a) Achiral system with τ0 = 0.0. (b) Introduction
of chirality in the force field (τ0 = 0.1) leads to the stabilization of a regularly–twisted supramolecular
tape. (c) A larger twist is obtained for τ0 = 0.3.
Fig. 5.
Histograms of the pitch wave number k (expressed in degrees for better clarity) obtained from Monte
Carlo simulations for systems with size M = 7, 15, 45 (from top to bottom). These data relate to the
potential energy model A with τ0 = 1.0. Similar results have been obtained for potential energy model B
also.
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